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All-electrical generation and detection of pure spin currents is a promising way towards controlling the diffusive
magnon transport in magnetically ordered insulators. We quantitatively compare two measurement schemes,
which allow to measure the magnon spin transport in a three-terminal device based on a yttrium iron garnet
thin film. We demonstrate that the dc charge current method based on the current reversal technique
and the ac charge current method utilizing first and second harmonic lock-in detection can both efficiently
distinguish between electrically and thermally injected magnons. In addition, both measurement schemes
allow to investigate the modulation of magnon transport induced by an additional dc charge current applied
to the center modulator strip. However, while at low modulator charge current both schemes yield identical
results, we find clear differences above a certain threshold current. This difference originates from nonlinear
effects of the modulator current on the magnon conductance.
In the field of spintronics, pure spin currents are
promising for spin and information transport at low dis-
sipation level. To this end, the efficient control of pure
spin currents is an essential, but challenging task.1–4 In
magnetically ordered insulators, spin currents are carried
by magnons, the elementary excitations of the spin sys-
tem. These magnonic spin currents lead to interesting
new device concepts for magnon-based information pro-
cessing.5–8 In this context, devices for magnon logic oper-
ations mainly focus on coherent magnon transport. For
instance, it has been shown that damping compensation
via spin transfer torque is an efficient method to optimize
coherent magnon propagation.9–12 Furthermore, a logic
majority gate13 and the first magnon transistor14 using
magnonic crystals15 have been implemented.
Recently, incoherent, thermally excited magnons have
gained increasing interest as information carriers for logic
operations. In bilayer systems consisting of magnetically
ordered insulators (MOI) and heavy metals (HM) with
strong spin orbit coupling, it has been shown that in-
coherent magnons in the MOI can be excited electri-
cally16–18 as well as thermally16,19,20, which then can
be detected electrically in the HM utilizing the inverse
spin Hall effect (SHE).21–23 Moreover, devices based on
non-continuous HM electrodes have been used to show
that a superposition of diffusive magnon currents allow
for the realization of a majority gate.24 Later on, simi-
lar device concepts were used to demonstrate the manip-
ulation of magnon currents using a three-electrode ar-
rangement in yttrium iron garnet (Y3Fe5O12, YIG)/Pt
bilayers.8,25–27 In these experiments, a charge current is
applied to a Pt strip (injector) injecting magnons into
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the YIG via the SHE and Joule heating (see Fig. 1(a)).
These magnons are then electrically detected via the in-
verse SHE as a voltage signal at a second Pt strip (de-
tector). A charge current applied to a third Pt strip
(modulator) placed between these two Pt strips allows to
manipulate the magnon transport from injector to detec-
tor.8 The effect of the modulator in these experiments can
be modeled as a change in the effective magnon conduc-
tivity, which has to be distinguished from the expected
change in the magnon transport signature due to spin
Hall and spin Seebeck physics. In particular, the effective
magnon resistance changes in a nonlinear fashion with
the modulator current and shows a threshold behavior.
Two main measurement schemes have been used to ac-
cess the magnon transport properties, which are based
on an ac8,16,25 and a dc17,26,28 stimulus applied to the
injector. Although it is not obvious whether or not these
techniques yield exactly the same result, a quantitative
comparison is still missing.
In this paper, we perform a quantitative comparison
of the following measurement schemes: (i) a dc-detection
technique utilizing the current reversal method29 and
(ii) an ac-readout technique based on lock-in detection.
We corroborate that both techniques are quantitatively
equivalent in the regime where the magnon resistance is
weakly affected by the modulator current. In the nonlin-
ear regime we find that the two techniques are qualita-
tively different which gives access to higher order terms
originating from the injector current.
As shown in Fig. 1(a), we investigate the magnon
transport using a three-terminal YIG/Pt nanostructure.8
A charge current I inj is applied to the Pt-injector, induc-
ing a magnon accumulation in the YIG film, both via the
SHE generated spin accumulation and via Joule heating.
The magnons diffuse to the Pt-detector strip, where they
induce a voltage V det via the inverse SHE. A dc charge
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Figure 1. (a) Sketch of the sample configuration with the
electrical wiring scheme and the electrical connection scheme,
and the coordinate system with the in-plane rotation angle
ϕ of the applied magnetic field µ0H. (b), (c) Schematic de-
pendence of the detector voltage V det as a function of time
according to Eq. (1) for (b) the dc and (c) the ac technique.
(b) For the dc technique, the current to the injector I inj is
stepwise varied from +I inj to −I inj and vice versa. (c) For
the ac technique, V detac is shown for the first (red) and sec-
ond (blue) harmonic signal as well as for a constant offset
detector voltage (green). The black line corresponds to their
superposition.
current Imoddc applied to along the Pt-modulator allows to
manipulate the magnon transport between injector and
detector via a SHE induced spin accumulation and Joule
heating effects.
Following previous works8,25,28,30, we express the de-
tector voltage as
V det
(
I inj, Imod
)
=
∑
i∈{inj,mod}
∞∑
j=1
Ri-detj
(
Imod
) · [Ii]j .
(1)
Here, Ri-detj
(
Imod
)
are the transport coefficients describ-
ing the conversion process at the YIG/Pt interface and
the transport in the YIG layer. Note that we only ac-
count for changes in Rij via I
mod. This assumption is
only valid for small injector currents.8,25
For the dc-detection technique, we utilize an advanced
current reversal scheme. We apply a dc charge current
sequence +I inj, 0,−I inj to the injector, while a constant
charge current Imoddc is applied to the modulator, and
measure for each configuration the voltage V detdc at the
detector, as sketched in Fig. 1(b). From these measure-
ments, we can then define
V SHEdc =
1
2
[
V detdc
(
I inj, Imoddc
)− V detdc (−I inj, Imoddc )]
= Rinj-det1
(
Imod
)
I inj +Rinj-det3
(
Imod
)
I inj
3
+ ...
(2)
as the voltage due to the SHE induced magnons trans-
ported from the injector to the detector assuming an odd
symmetry with respect to I inj. In similar fashion, we de-
fine
V thermdc =
1
2
[
V detdc
(
I inj, Imoddc
)
+ V detdc
(−I inj, Imoddc )
−2V detdc
(
0, Imoddc
)]
= Rinj-det2
(
Imod
)
I inj
2
+ ...
(3)
as the voltage due to the thermally injected magnons
assuming an even symmetry with respect to I inj. This
elaborate scheme allows us to disentangle the dc detec-
tor voltages generated by Imod and I inj. Thus, V SHEdc
and V thermdc only contain contributions from I
mod via the
transport coefficients Rinj-detj
(
Imod
)
.
In case of the ac-readout technique, we simultaneously
apply an ac charge current I injac (t) = I
inj sin(ωt) to the in-
jector and a constant dc charge current Imoddc to the mod-
ulator and record the first and second harmonic signal of
V detac via lock-in detection (compare Fig. 1(c)). For the
first harmonic signal V 1ωac and a time interval T  1/ω
we obtain:
V 1ω =
2
T
∫ T
0
sin(ωt)V detac
(
I injac (t), I
mod
dc
)
dt
= Rinj-det1
(
Imod
)
I inj +
3
4
Rinj-det3
(
Imod
)
I inj
3
+ ...
(4)
which corresponds to the SHE induced magnon transport
signal. For the second harmonic signal V 2ωac we obtain:
V 2ωac = −
2
T
∫ T
0
cos(2ωt)V detac
(
I injac (t), I
mod
dc
)
dt
=
1
2
Rinj-det2
(
Imod
)
I inj
2
+ ...
(5)
which corresponds to the thermally generated magnons
via Joule heating in the injector. When measuring V 2ωac
one has to account for the −90◦ phase shift of the signal
with respect to the reference signal. Due to the lock-in
technique, the first and second harmonic signal only con-
tain contributions from the magnon transport between
injector and detector.
If we now compare V SHEdc with V
1ω
ac , we see that these
two quantities should be identical if Rinj-detj = 0 for j ≥ 2.
Thus, a quantitative comparison of V SHEdc and V
1ω
ac en-
ables us to obtain information on higher order SHE con-
tributions. In contrast, the ratio V 2ωac /V
therm
dc is constant
and yields 1/2 if only transport coefficients up to the
fifth order (j ≤ 5) contribute. To confirm this model
conjecture, we conducted magnon transport experiments
in YIG/Pt heterostructures.
For the experiment comparing the dc- and ac-detection
techniques, we use a peak value of I inj = 100 µA and in
the case of lock-in detection a low frequency (7.737 Hz)
modulation of the ac charge current. The device consists
of 5 nm thick Pt strips with an edge-to-edge distance of
d = 200 nm and a modulator width of w1 = 500 nm on
a 11.4 nm thick YIG film (see supplemental information
for growth details). The injector and the detector have a
width of w2 = 500 nm and a length of l2 = 50 µm, while
the length of the modulator is l1 = 64µm.
To characterize the magnon transport in our device,
we plot the voltage signals V SHEdc , V
therm
dc , V
1ω
ac , V
2ω
ac
as a function of the magnetic field orientation ϕ (cf.
Fig. 1(a)) measured with a fixed magnetic field strength
of µ0H = 50 mT at T = 280 K for various positive
3(b)
ac
AacAac
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Figure 2. Detector signals (a) V SHEdc , (b) V
1ω
ac , (c) V
therm
dc , (d)
V 2ωac plotted versus the magnetic field orientation with con-
stant magnitude µ0H = 50 mT for various positive modulator
currents Imoddc . For I
mod
dc > 0, the magnon transport signal is
significantly increased at ϕ = ±180◦ and reduced at ϕ = 0◦.
For the SHE induced magnon transport signals the (a) dc de-
tector signal V SHEdc and (b) the first harmonic signal of the ac
measurement technique V 1ωac are in perfect agreement. While
the angle dependence of the thermal signals (c) V thermdc and
(d) V 2ωac is in good agreement, their absolute amplitude values
strongly differ. The voltage amplitudes ASHEdc , A
1ω
ac , A
therm
dc ,
A2ωac are extracted from the angle dependence of the detector
signals as shown by the vertical arrows.
modulator currents Imoddc . We first focus on V
SHE
dc and
V 1ωac in Fig. 2(a) and (b). For I
mod
dc = 0 (black data
points), we observe the distinctive cos2 ϕ modulation for
magnon transport between the injector and detector for
both measurement techniques with minima in V SHEdc and
V 1ωac for H ‖ ±yˆ (ϕ = −180◦, 0◦, 180◦), corresponding
to maxima in magnon transport between injector and
detector.16,17 For Imoddc > 0, the magnon transport sig-
nal is significantly increased at ϕ = ±180◦ for V SHEdc as
well as V 1ωac . This enhancement can be explained as an
increase in magnon conductivity due to a magnon accu-
mulation underneath the modulator caused by the SHE
induced magnon chemical potential and thermally gen-
erated magnons due to Joule heating. This increase in
magnon conductivity leads to a larger magnon transport
signal at the detector and thus larger negative voltage
in both measurement schemes. At ϕ = 0◦, we obtain a
decreased magnon transport signal for V SHEdc as well as
V 1ωac . This originates from the magnon depletion caused
by the annihilation of magnons via the SHE. However,
this depletion is counterbalanced by the thermally in-
jected magnons arising due to Joule heating of the mod-
ulator strip. Comparing the dc and ac case, not just
the angle dependence is equivalent, but also the voltage
amplitudes V SHEdc and V
1ω
ac are in agreement with the pre-
dictions from our detector voltage model. Separate mea-
surements on an additional sample yield identical results
(see supplementary material).
current density (1011 A/m²)
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Figure 3. Extracted amplitudes (a) ASHEdc and (b) A
1ω
ac for
µ0H = 60 mT (as indicated in Fig. 2) of the SHE injected
magnon transport signal versus the dc charge current Imoddc .
The curves and signal amplitudes show similar behavior for
(a) the dc and (b) the ac scheme. The black dashed line is a fit
indicating the Imoddc +I
mod
dc
2
dependence in the low bias regime
(|Imoddc | ≤ 0.55 mA). (c) Ratio of the extracted amplitudes
ASHEdc and A
1ω
ac . For I
mod
dc ≤ 0.55 mA, the ratio shows a nearly
constant behavior (A1ωac /A
SHE
dc ' 0.98). For higher modulator
current values, the ratio clearly deviates from 0.98.
We now discuss the angle-dependent data obtained
from the thermal signals V thermdc and V
2ω
ac . In Fig. 2(c)
and (d) we plot the angle-dependent thermal voltage sig-
nals for the dc- and ac-detection technique for positive
Imoddc , respectively. For I
mod
dc = 0 the measurements of
the thermally induced magnons show the characteristic
cosϕ modulation in agreement with previous work.16 For
Imoddc > 0, we observe a significant increase of the detector
signals V thermdc and V
2ω
ac at ϕ = ±180◦ and a decrease at
ϕ = 0◦ as already reported in Ref. 25. For Imoddc = 900µA
and 1000 µA, this difference is significantly increased. We
attribute this enhancement and decrease of the signal to
the same mechanisms as in the case for the SHE driven
magnon transport (V SHEdc and V
1ω
ac ). At ϕ = ±180◦, the
magnon conductance underneath the modulator is in-
creased by the SHE and thermally injected magnons via
Imoddc . At ϕ = 0
◦, the magnon depletion underneath the
modulator is counterbalanced by the thermally injected
magnons and only a small reduction in the signal ampli-
tude is observed. Comparing dc and ac configuration, we
observe that the thermally induced signals V thermdc and
V 2ωac strongly differ in their absolute amplitude values, as
expected from our model.
For a more elaborate quantitative comparison of the
detected voltages in dc and ac measurements, we extract
the signal amplitudes ASHEdc (±µ0H) and A1ωac (±µ0H)
of the angle-dependent measurements, as indicated in
Fig. 2, and plot them as a function of Imoddc for a mag-
4netic field magnitude of µ0H = 60 mT in Fig. 3. We
note that we use ASHEdc and A
1ω
ac in our analysis instead
of V SHEdc and V
1ω
ac , since at ϕ = 90
◦ the voltage mea-
sured is close to 0 leading to significant contributions of
noise. At first glance, the curves and the signal ampli-
tudes show similar behavior for the dc (Fig. 3(a)) and
ac (Fig. 3(b)) configuration. As reported in Refs. 8 and
25, the signal amplitudes can be modeled by a superpo-
sition of a linear (SHE) and quadratic (Joule heating)
dependence in the low bias regime (|Imoddc | ≤ 0.55 mA).
To illustrate this, we plot this linear and quadratic de-
pendence as a black dashed line in Fig. 3(a) and (b).
The fit well reproduces the measured data points in the
low bias regime. For larger currents (Imoddc > 0.55 mA)
we observe a pronounced deviation from this behavior.
This enhancement in magnon conductance is in agree-
ment with our previous work, which we attribute to a
zero effective damping state via SHE induced damping-
like spin-orbit torque underneath the modulator.25 To
show that the extracted amplitudes as a function of
the modulator current Imoddc for the dc configuration is
in accordance with the ac measurement technique, the
ratio A1ωac /A
SHE
dc is plotted in Fig. 3(c). In the low
and negative bias regime (Imoddc ≤ 0.55 mA) the ratio
is nearly constant with A1ωac /A
SHE
dc ' 0.98. This value
is close to 1, which our model predicts for only linear
effects with Rinj-detj
(
Imoddc
)
= 0 for j ≥ 2. However,
for Imoddc > 0.55 mA the ratio exhibits a clear devia-
tion from 1. Following the arguments of our theoretical
model, this deviation indicates that for Imoddc > 0.55 mA
Rinj-detj
(
Imoddc
) 6= 0 (for j ≥ 2), i.e. a deviation from the
linear I inj dependence. We attribute this to a new regime
established via the damping compensation underneath
the modulator, reflecting a typical threshold behavior of
nonlinear effects.28 For negative field polarity we extract
a similar dependence of the ratio A1ωac /A
SHE
dc just with a
threshold for negative Imoddc (see supplementary material
for analysis with varying µ0H).
In similar fashion, we extract the amplitudes
Athermdc (±µ0H) and A2ωac (±µ0H) of the thermally injected
magnons as a function of Imoddc for the same magnetic field
magnitude of µ0H = 60 mT. The results are shown in
Fig. 4(a) and (b) for the dc and ac configuration, re-
spectively. The qualitative dependence on Imoddc is iden-
tical for Athermdc and A
2ω
ac for all current ranges. In agree-
ment with previous reports25, we find a significant kink
in Athermdc and A
2ω
ac above a certain critical current value.
To account for the differences of the absolute ampli-
tude values, we calculate the ratio A2ωac /A
therm
dc , shown
in Fig. 4(c). The ratio is nearly constant over the whole
modulator current range and has a value of 0.5 within the
experimental error for all measured magnetic field mag-
nitudes (see supplemental information for other µ0H).
The small deviation, most notably in the negative bias
regime, may be explained by the low thermal signal am-
plitude in our devices (yielding a worse signal-to-noise
ratio) and differences in thermal landscape due to a dif-
current density (1011 A/m²)
(a)
(b)
(c)
Figure 4. Extracted amplitudes (a) Athermdc and (b) A
2ω
ac for
µ0H = 60 mT (as indicated in Fig. 2) of the thermally in-
jected magnon transport signal for the dc and the ac scheme
versus the dc charge current Imoddc . (c) Ratio of the extracted
amplitudes for the ac and dc configuration. Over the whole
modulator current range the ratio shows a nearly constant
behavior (A2ωac /A
therm
dc ' 0.5).
ference in the average applied heating power for ac and
dc measurements. Nevertheless, the thermally generated
signals nicely agree with our simple model of the detector
voltage signal. However, the quantitative comparison of
the thermal signal is not suitable to detect higher order
contributions.
In summary, we compared two measurement tech-
niques, both allowing for an all-electrical generation and
detection of pure spin currents in MOI/HM heterostruc-
tures. On the one hand, we employ a dc-detection
technique, where we utilized a modified current reversal
method to take into account the modulator in a three-
terminal nanostructure and to differentiate between SHE
and thermally injected magnons arriving from the injec-
tor at the detector. On the other hand, we used an ac-
readout technique, where lock-in detection of the first and
second harmonic signal is utilized to distinguish between
these two magnon contributions. We demonstrate that
the dc and ac technique are both well suited to investi-
gate incoherent magnon transport in these three-terminal
structures. In addition, our results show that below a
critical Imoddc the detector voltage has contributions lin-
ear and quadratic in I inj. This especially manifests itself
as a full quantitative agreement between V SHEdc and V
1ω
ac ,
which allows to compare results obtained with different
techniques with higher confidence. For large modulator
currents, deviations are observed, indicating a contribu-
tion of higher order in I inj to the detector voltage. This
sheds new light onto this nonlinear contributions appear-
ing above a certain threshold value (corresponding to the
damping compensation regime in our previous work).25
5SUPPLEMENTARY MATERIAL
See supplementary material for details on the fabrica-
tion process and the measurement techniques, separate
measurements of an additional sample investigating the
SHE injected magnons, angle-dependent measurements
of the presented sample for negative filed polarity, a study
of the field dependence of the extracted amplitudes of
the electrically and thermally induced magnons for the
dc- and the ac-detection technique and an investigation
of the third harmonic voltage signal.
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